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Figure 6. (a) Spatial patterns of streambed scour for the four largest flow events recorded in the
tributary channel, (b) downstream variation in mean cross-stream scour depths, (c) autocorrelograms for
mean cross-section scourdepths, and (d) semivariograms formean cross-section scourdepths. The events
are ordered by peak discharge (Qp). In Figure6a, the locations of the cross sections and scour chains are
shown in the top illustration, and the dashed line shows the locus of the maximum depth of scour. In
Figures 6b, 6c, and 6d, the dashed horizontal lines represent the mean depth ofscour for the reach, 95%
confidence intervals of the autocorrelogram, and the sill of the semivariogram, respectively.

fill in a straight reach of the tributary channel was sampled
using scour chains for a downstream distance of 30 channel
widths in the same way as in the main channel. Flow,
however, was monitored with maximum-stage recorders
and as a result, hydraulic information is restricted to peak
flow depths. Nine flow events were recorded in this
channel. Peak tributary discharges of 0.05-1.2 m3 s_l were
lower than in the main channel and did not exceed half the
bankfull depth. Depths of bed activity were consequently
less and significant scour was restricted to the four largest
events (Qp > 0.3 m3 s-1).

[19] The spatial patterns of streambed scour for these
four events are shown in Figures 6a and 6b. As in the
main channel, scour of the channel bed is highly nonuni
form and relatively deep areas of scour are confined to
certain locations within the reach (Figure 6a). As a result,
cross-section averaged scour depths vary about the mean

for the reach in a quasi-regular fashion (Figure_6b). Runs
tests conducted on deviations of x] from Xs provide
nonsignificant results (p > 0.05) and indicate the absence
of nonrandom variation. Lack of spatial dependence within
the data is also suggested by the autocorrelograms which,
for the events of 19 July 2002, 10 August 2000 and
26 July 2002, exhibit low and nonsignificant values of Rh
(Figure 6c). Interestingly, however, the autocorrelograms
for the two largest events (26 July 2002 and 4 August
2002) show groups of positive autocorrelations followed
by groups of negative correlations, some of which are
statistically significant. An alternating sequence of positive
and negative correlations is the autocorrelation signature of
a sinusoidal model and is indicative of systematic varia
tions in the downstream pattern of streambed scour.
Further evidence for cyclical variations in streambed scour
is provided by the semivariograms for these two events
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(Figure 6d) which exhibit a "hole effect" structure similar
to that described above for the event of 30 July 2000 in
the main channel (cf. Figure 5c). The pattem is clearest in
the semivariogram for the event of 4 August 2002, which
has a range of 8 m and a wavelength of 14 m. Both of
these semivariogram parameters imply a downstream cy
clical variation in scour depths with a wavelength of about
14 m.

[20] The results from the tributary channel provide
additional evidence that the spatial pattern of streambed
scour in these drylands channels is not random, at least at
moderate to high discharges. Further insights were sought
from similar analyses undertaken for channel centerline and
section maximum scour depths recorded in the main
channel. Run tests conducted on the deviations of center-
line scour depths from the average for the reach reveal only
one nonrandom data set (4 August 2002; p > 0.05). This
event has a positive peak in the autocorrelogram at lag one
that just fails to reach significance at the 95% level.
Otherwise, centerline scour depths show no significant
autocorrelations. The only nonrandom series of maximum
scour depths are associated with the three largest events
(30 July 2000, 10 August 2000, and 4 August 2002) and
for one of the smallest events (12 September 2001). The
autocorrelograms for maximum scour depths indicate that
the three largest events have statistically significant positive
autocorrelations at lag 1 (10 August 2000 and 4 August
2002) and lag 2 (30 July 2000); all other autocorrelations
are not significant at the 95% level. Finally, the only
semivariograms to exhibit any structure are those con
structed utilizing cross-section maxima for the two largest
events (30 July 2000 and 4 August 2002). Semivariograms
for these events exhibit similar "hole effect" structures to

those generated by the cross-section averaged data for these
events (Figures 5c and 5d). Taken as a whole, these results
are in general agreement with those generated by using
cross-section average data and provide no additional
insights regarding the downstream partem of streambed
scour.

3.2. Cross-Stream Pattern of Streambed Scour

[21] Cross-stream variations in scour depths are marked.
Figure 7, for example, shows the lateral variation in scour
depths recorded at the 30 cross sections during each of the
four events of 2002 in the main channel. Maximum and

mean cross-section scour depths differ by up to 18 cm
with a mean difference of 14 cm for the four events.

Systematic variations, however, are not apparent and
tie lines between locations cross in opposite directions
(Figure 7a). Figure 7b shows that median depths of scour
at adjacent locations along the sections are broadly com
parable with differences of 5-33% (mean difference =
17%). In nine of the 10 events, median scour depths
recorded at left, centre and right sampling locations are
not significantly different from each other (Kruskal-Wallis
test, p > 0.05).

[22] The lack of systematic cross-stream variations in
scour depths for individual events is somewhat surprising
since several studies have demonstrated regular cross-
stream patterns in bed activity that can be related to the
influence of sidewall drag and the concomitant lateral
decline in shear stress toward channel margins [Pitlick,
1988; Powell et al, 1999]. However, there is some consis-
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Figure 7. Cross-stream variation in scour depths recorded
in the main channel during the four events of 2002. (a) Data
recorded at left (L), center (C), and right (R) sampling
locations for individualcross sections are linked by tie lines,
(b) Data are grouped by sampling location. Outliers are
defined as values mat lie outside the upper limit Q3 + 1.5
(Qs " Qi)-

tency in cross-streambed behavior at particular locations
between events. For example, scour depths are generally
highest toward the left- and right-hand channel margins at
cross sections 1, 11, 18, 19, 21, 27 and 29 and 6, 9 and 13
respectively (Figure 2). As a result of these and other
changes in the asymmetry of the cross-stream pattern of
scour about the channel centerline, the locus of the maxi
mum scour depth forms a sinuous trace down the reach that
is reasonably consistent between all but the two lowest
flows (some irregularities are to be expected given the
narrowness of the channel and the proximity of the three
cross-stream sampling locations). The pattern is particularly
clear between cross sections 9 and 23 where the zone of
maximum scour crosses the channel at least twice so that it
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Figure 8. Spatial pattern of fill for the 10events recorded in the main channel. The eventsare ordered
by peak discharge (Qp), and the locations of the scour chain are shown in Figure 8a. Flow is from left to
right. Note the general similarity with the spatial patterns of streambed scour (Figure 2).
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alternates between the left- and right-hand sides of the
channel (Figures 2f-2i). A similar pattern is also observed
during the event of 4 August 2002 in the tributary channel
(Figure 6a).

4. Spatial Pattern of Streambed Fill
[23] Spatial patterns of fill recorded for the 10 events in

the main channel are shown in Figure 8. Median depths of
fill range from 1-12 cm with a maximum of 53 cm
occurring during the largest event (Figure 8j). As for scour,
there is considerable variability in the depths of fill recorded
within the reach. Comparison of Figures 2 and 8 indicate a
close correspondence between depths of scour and fill
recorded at particular channel locations. It appears that the
reach is in approximate steady state; depositional processes
compensate for the considerable and highly variable depths
of scour to restore the bed to its preflow elevation and
planar condition.

5. Discussion

[24] It is well known that dryland streams are effective
agents of erosion and transport. As illustrated in this study,
however, the extent to which the beds of sandy dryland
streams are reworked by sediment-transporting flows is
often masked by compensating scour and fill that maintain
a remarkably subdued bed topography in approximate
steady state [see also Leopold et al, 1966]. Although scour
and fill processes have been studied previously, the phe
nomenon is usually described as it operates at isolated
channel cross sections. The extent to which these results
are representative of, or are affected by, wider streambed
behavior is poorly understood.

[25] This study has shown that that scour in straight,
narrow sand bed channels is longitudinally continuous, but
highly variable. Consequently, results obtained at particu
lar locations may not be representative of more extensive
lengths of channel. As expected, the depth and areal
extent of bed activity increased with discharge. However,
this activation did not result in a uniform lowering of the
streambed. Instead, active bed reworking at particular
locations within the reach resulted in a downstream
pattern of alternate shallower and deeper areas of scour.
The variation was such that mean scour depths for
individual cross sections varied about the mean for the

reach by a factor of 2-4 while the locus of maximum
scour traced a sinuous path about the channel centerline.
Although the limited length and inherent noisiness of the
data preclude the development of a statistically robust
model of this variability, there is some evidence that the
downstream variation in scour depths in the main and
tributary channel had a wavelength of 24 and 14 m,
respectively. Since intraevent comparisons suggest a de
gree of consistency in the patterns of scour, especially at
moderate to high flows, the question arises as to their
cause.

[26] One obvious mechanism for the periodic deforma
tion of the streambed along alternate sides of the channel
is periodically reversing helical flow. In straight channels,
such flows result from the development of vorticity by
either anisotropic turbulence [Einstein and Li, 1958a] or
eddy generation and shedding [Einstein and Li, 1958b].

Einstein and Shen [1964], for example, describe a model
of twin periodically reversing asymmetric surface conver
gent helical flow cells. The secondary flows initiate a
meandering channel thalweg that locally increases shear
stresses alongside alternate sides of the channel. Secondary
flows in the main channel study reach may also be
encouraged by the slight channel curvature (Figure 2).
An alternative mechanism is provided by Yalin's [1971]
model of macroscale eddying whereby turbulence-induced
large-scale roller eddies generate zones of flow accelera
tion and deceleration. The greatest scour occurs where
velocities are highest thereby creating an undulating chan
nel bed. Although Yalin's model has yet to be fully tested,
it is regarded as a plausible model for the development of
the pool-riffle sequence commonly observed in coarser
grained stream channels [Clifford, 1993]. The spacing
between pools and riffles is generally recognized to be
five to seven times the channel width which is close to the

wavelength of the longitudinal velocity variations in
Yalin's model (2irw). As noted above, there is some
evidence that mean cross-section scour depths recorded
in the main and tributary channel vary downstream in a
quasi-regular downstream with wavelengths of about 24
and 14 m, respectively. Although we can only speculate as
to processes responsible for the observed patterns of
streambed scour, it is interesting to note that these dis
tances approximate seven times the width of the respective
channels. The fact that these patterns are only observed at
relatively high discharges may reflect the weakness of
secondary flow structures at lower flows.

[27] It should be recognized that the validity of these
and other models of helicoidal flow in straight channels
have been questioned by many workers and it remains far
from clear how well the theoretical flow patterns would
be recognized in either natural or laboratory channels or
reproduced in numerical models [Rhoads and Welford,
1991; Ma et al, 2002]. Moreover, although some of the
morphological consequences of the models of Einstein
and Shen [1964] and Yalin [1971] are reflected in the
field situation, many are not. The former model, for
example, is often associated with the development of
alternate channel bars and a meandering channel form
[e.g., Thompson, 1986], whereas the latter should generate
sequences of pools of riffles as noted above. It may be
that some of these morphological consequences are, in
fact, realized at high flows but not preserved at low flows.
This would require that the associated flow structures
decay faster than the overall competence of the flow
during the falling limb of the hydrograph so that topo
graphic highs and lows are planed off or infilled as the
flow recedes. Clearly, further development of our under
standing of the behavior of dryland streambeds requires a
fuller characterization of the scales of variability in
patterns of streambed scour and knowledge of the pre
vailing hydraulics.

Notation

D50
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Q

median particle size of bed material, mm.
lag.
sample size.

3 „-idischarge, m s

lOof 11



W08412 POWELL ETAL.: SPATIAL PATTERNS OF STREAM-BED SCOUR AND FILL W08412

Qp

Y

Yp
w

Xs

Xs

Xs
z

Ct

3
A

7h

7hs

peak discharge, m3 s-1.
autocorrelation coefficient.

variance, cm2.
flow depth, m.
peak flow depth, m.
channel width, m.
depth of scour at a channel location, cm.
mean depth of scour for the cross section, cm.
mean depth of scour for the reach, cm.
percent point function of the standard normal
distribution.

significance level.
range of the semivariogram, m.
separation vector.
semivariance at lag h, cm2.
value of 7h at the sill of the semivariogram (: s2),
cm

Xh wavelength of the semivariogram, m.
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